Active layer morphology is of key importance in bulk heterojunction (BHJ) solar cells. Bi-continuous nanoscale domains of donor and acceptor materials are required for efficient charge separation and transport[@b1][@b2][@b3][@b4][@b5][@b6][@b7]. To achieve the optimum active layer morphology, various methods, such as thermal annealing, solvent annealing, solvent additives, have been used in the process of solar cells fabrication[@b1][@b2][@b3][@b4][@b5][@b6][@b7]. From a molecular point of view, chemists want to use self assembly or self organization to control the morphology by molecular design[@b8][@b9][@b10][@b11][@b12][@b13]. In this respect, hydrogen bonding is the first choice due to its strong intermolecular interaction, high selectivity and directionality[@b14][@b15][@b16][@b17]. In some cases, improved device performance had been demonstrated when hydrogen bonding was employed in BHJ solar cells[@b18][@b19][@b20][@b21][@b22]. Here, we describe a case study in which the performance of two similar small molecular donor materials, one with amide group to form intermolecular hydrogen bonding, the other with ester group, are compared in BHJ solar cells. In addition, an amide containing fullerene derivative was also synthesized and used in conjunction with the donor materials in devices.

A common design rule for the small molecule donor material is connecting central building blocks and terminal electron withdrawing units with an oligothiophene linker[@b23][@b24][@b25][@b26][@b27][@b28]. Based on our previous work[@b29], dithieno\[3,2-b;2′,3′-d\]thiophene (DTT) was used as the central building block and 3′,3″-dihexyl-2,2′:5′,2″-tertthiophene[@b13] was used as the linkage. Octyl cyanoacetate and octyl cyanoacetamide served as electron withdrawing groups to end cap the small molecules ([Figure 1](#f1){ref-type="fig"}). Octyl cyanoacetamide will lead to a Knoevenagel condensation product which is capable of strong hydrogen bonding. Synthesis of the targeted small molecules started from 3′,3″-dihexyl-2,2′:5′,2″-tertthiophene-5-carbaldehyde[@b13], compound **1**. Bromination of compound **1** with NBS provided compound **2** which reacted with bistrimethyltin DTT (compound **3**) by Stille coupling reaction to afford compound **4**. Then compound **4** was converted to **M1** and **M2** by Knoevenagel condensation with octyl cyanoacetate and octyl cyanoacetamide respectively ([Figure 2](#f2){ref-type="fig"}). It should be noted that **M1** can be obtained in the presence of triethylamine, but **M2** can only be synthesized in the presence of stronger base such as 1,8-diazabicyclo\[5.4.0\]undec-7-ene (DBU). The detailed synthetic procedures for **M1** and **M2** are described in [Supplementary Information](#s1){ref-type="supplementary-material"}. Both products showed good solubility in common organic solvents such as tetrahydrofuran, dichloromethane, chloroform, chlorobenzene and dichlorobenzene. **M1** and **M2** were fully characterized with ^1^H and ^13^C NMR spectroscopy, mass spectrometry and elemental analysis.

The presence of hydrogen bonding moieties on the electron acceptor fullerene derivatives may provide further insights into the effect of hydrogen bonding on BHJ solar cell devices. As with the electron donor material, the acceptor should ideally phase separate on a suitable length scale to allow maximum ordering and thus charge can transport effectively in continuous pathways to the electrodes and the recombination of free charges can be minimized[@b6]. In this regard, an analogue of \[6,6\]-phenyl-C~61~-butyric acid methyl ester (PC~61~BM) with an amide group was also designed and synthesized (see [SI](#s1){ref-type="supplementary-material"} for details), resulting in \[6,6\]-phenyl-C~61~-*N*-methyl butyramide (PC~61~MBA, [Figure 1](#f1){ref-type="fig"})[@b19].

Results and Discussion
======================

The intermolecular hydrogen bonding of M2 and PC~61~MBA
-------------------------------------------------------

The amide group of the small molecule **M2** made it possible for the formation of intermolecular hydrogen bonding which was first observed in solution by ^1^H NMR dilution experiment ([Figure 3](#f3){ref-type="fig"}). As the concentration increased, the chemical shift of the amide proton as well as the adjacent protons shifted indicating the aggregation of **M2**. This phenomenon was not observed in **M1**. In the solid film infrared (IR) spectrum of **M2**, the N-H and C = O stretching frequencies were at 3358 cm^−1^ and 1664 cm^−1^ respectively. These IR stretching frequencies indicated hydrogen bonding in the solid state sample of **M2**[@b30][@b31]. Thermal behavior of **M1** and **M2** was examined using differential scanning calorimetry (DSC). Interestingly, the melting point (T~m~ = 168°C) and the crystallization temperature (T~c~ = 117°C) for **M1** was higher than the corresponding values for **M2** (T~m~ = 148°C and T~c~ = 96°C; [Figure S2](#s1){ref-type="supplementary-material"}). Although the hydrogen bonding of the amide groups on **M2** was expected to increase the temperature of thermal processes, these interactions could also have an adverse effect on the π − π intermolecular association of these conjugated compounds. Further evidence for the disruption of π − π association by hydrogen bonding can be found in the UV-vis absorption and X-ray diffraction data (*vide infra*).

The morphologies of the films deposited from chloroform solution of **M1** and **M2** were studied by atomic force microscopy (AFM) ([Figure 4](#f4){ref-type="fig"}). **M2** showed fibrous structure due to the intermolecular hydrogen bonding while the film of **M1** did not. All these experiments indicated that the amide group of **M2** has significant effects on the aggregation behavior of the dye and thus the film morphology. The nanowire-like fibrous structures of **M2** might be advantageous for BHJ solar cells[@b6]. ^1^H NMR dilution experiment of PC~61~MBA also exhibited slight chemical shift change of the amide proton ([Figure S1](#s1){ref-type="supplementary-material"}). The IR spectra of PC~61~MBA showed a N-H stretching frequency at 3299 cm^−1^ which was distinctive for hydrogen bonded amide groups[@b19].

The optical and electrochemical properties
------------------------------------------

The UV-vis absorption spectra of the small molecules **M1** and **M2** are shown in [Figure 5a](#f5){ref-type="fig"}. **M1** and **M2** had very similar absorption in chloroform except that the absorption of **M1** was a little red shifted due to the more electron withdrawing property of the ester group. However, the absorption in solid films was quite different for **M1** and **M2** ([Figure 5a](#f5){ref-type="fig"}). The maximum absorption of **M2** in solid film is at 560 nm which was only red shifted 60 nm compared to solution absorption ([Table 1](#t1){ref-type="table"}). **M1** displayed maximum absorption at 640 nm in solid film which is red shifted 130 nm compared to the solution absorption maximum. The difference in solid film absorption could be attributed to different aggregation resulting from the presence or absence of hydrogen bonding[@b15][@b16][@b31]. It is likely that the amide hydrogen bonding in compound **M2** is disrupting close π − π stacking between the conjugated planar molecules resulting in less red shifted absorption compared to the UV-vis absorption characteristics of compound **M1**. This is in agreement with data from the grazing incidence wide-angle X-ray scattering (GIWAXS) experiment which showed stronger π − π stacking molecular order for compound **M1** compared with **M2** (*vide infra*). The UV-vis absorption spectra of PC~61~BM and PC~61~MBA are shown in [Figure 5b](#f5){ref-type="fig"}. The amide derivative showed sharp peak at 328 nm which was identical to that of PC~61~BM. Broad peaks ranging from 450 to 650 nm were also observed.

The solution and thin film photoluminescence (PL) spectrum of the electron donor materials **M1** and **M2** were recorded ([Figure S3a](#s1){ref-type="supplementary-material"}). The emission maximum for **M1** and **M2** in chloroform solution were 665 nm and 640 nm respectively with excitation wavelength at 500 nm ([Table 1](#t1){ref-type="table"}). Both **M1** and **M2** showed very weak emission in solid state with 550 nm excitation ([Figure S3](#s1){ref-type="supplementary-material"} and [Table 1](#t1){ref-type="table"}). The weak fluorescence of these compounds in thin films is probably a result of self-quenching with both materials showing strong intermolecular association. The photophysical properties of blend films of **M1** and **M2** with fullerene acceptors were also examined ([Figure S3b and S4](#s1){ref-type="supplementary-material"}). No emission was detected in blend films of **M1** and **M2** with fullerene acceptors indicating charge transfer between the electron donor and electron acceptor materials upon excitation of the blend films.

Cyclic voltammetry (CV) was performed to determine the HOMO energy levels of **M1** and **M2** ([Figure S5](#s1){ref-type="supplementary-material"}). From the value of the onset oxidation potential, the HOMO energy levels were determined to be −5.09 eV and −5.01 eV for **M1** and **M2**, respectively. The HOMO and LUMO level of PC~61~MBA are −5.74 and −3.80 eV, respectively, which were nearly the same as that of PC~61~BM ([Table 1](#t1){ref-type="table"}). The similarity of the electrochemical properties of the two donors as well as the two acceptors made them very suitable for comparing the influence of hydrogen bonding on solar cells performance in which the influence of different frontier orbital energy levels can be excluded.

The photovoltaic performance of the BHJ solar cells
---------------------------------------------------

The photovoltaic properties of the two small molecular donors were investigated in BHJ solar cells with conventional device architecture \[ITO/PEDOT:PSS/active layer/ZnO/Al\] ([Figure S7](#s1){ref-type="supplementary-material"}). Chloroform was chosen as the processing solvent due to its good solvent properties[@b23]. The weight ratios of small molecules and acceptor were varied to balance the absorbance and the charge transporting network of the photoactive layer. Common optimization parameters such as spinning rates (film thickness) were also investigated ([SI, Table S1--S3](#s1){ref-type="supplementary-material"}). The devices were tested under the illumination of AM 1.5 G, 100 mW cm^−2^. The current density--voltage curves are displayed in [Figure 6a](#f6){ref-type="fig"} and the photovoltaic performance parameters are listed in [Table 2](#t2){ref-type="table"}.

With the optimized weight ratio of **M1** to PC~61~BM at 1:2, a power conversion efficiency (PCE) of 0.65% was obtained with an open circuit voltage (*V~oc~*) of 0.64 V, a fill factor (FF) of 40% and a short circuit current density (*J~sc~*) of 2.55 mA cm^−2^. The active layers were also investigated by using PC~71~BM as the electron acceptor, which has a higher absorption coefficient in visible range[@b32]. The device with **M1**:PC~71~BM (1:2) as active layer exhibited improved PCE of 1.15% with a higher *J~sc~* of 3.90 mA cm^−2^, a higher FF of 47% and a *V~oc~* of 0.64 V. It is clear from the external quantum efficiency (EQE) spectrum that there was a significant increase in contribution to the photocurrent from the fullerene acceptor as a result of using PC~71~BM ([Figure 6b](#f6){ref-type="fig"}). In fact, the EQE spectrum for all the devices indicate that the fullerene acceptor was providing a large portion of the photocurrent contribution. The amide containing small molecule **M2** was also tested and a maximum PCE of 0.30% was recorded with the optimized weight ratio of **M2** to PC~61~BM at 1:4. Compared with the **M1** based device, **M2** based device showed lower *J~sc~*of 1.10 mA cm^−2^ and lower FF which could be attributed to the unfavorable morphology induced by the intermolecular hydrogen bonding of **M2** as evidenced by morphological studies (*vide infra*). The replacement of PC~61~BM with PC~71~BM also yielded a higher PCE (0.40%) mainly due to an improved *J~sc~* (1.30 mA cm^−2^). However, the performance of the **M2**:PC~71~BM based device was lower than that of the **M1**:PC~71~BM based device. The hole mobility values for donor compounds **M1** and **M2** were measured using space charge limited current technique (see [Supplementary Information](#s1){ref-type="supplementary-material"} for details). Hole-only devices were assembled with blends of the donor compounds with PC~61~BM. The calculated hole mobilities were 6.3 × 10^−6^ cm^2^V^−1^s^−1^ and 1.1 × 10^−6^ cm^2^V^−1^s^−1^ for **M1** and **M2** respectively. These mobility values are in agreement with the UV-vis absorption and GIWAXS data as well as the observed solar cell device performance. The UV-vis absorption and GIWAXS data indicate compound **M1** showed stronger π − π stacking molecular order in solid state. Closed packing of conjugated organic semiconductor molecules often lead to better charge transport properties of the material. Better charge transport in the active layer blends of solar cell devices often result in improved device performance especially in combination with favorable blend film morphology.

The amide containing acceptor, PC~61~MBA, was then used to replace its PCBM analogues. Interestingly, the PCE of devices based on **M1**: PC~61~MBA (1:2) and **M2**: PC~61~MBA (1:2) decreased sharply to 0.012% and 0.004%, respectively. Extremely low *J~sc~* and *V~oc~* were observed even though PC~61~MBA has very similar absorption and LUMO energy level to PC~61~BM. Optimization of donor-acceptor blend ratios did not provide any significant improvement in device performance ([SI, Table S3](#s1){ref-type="supplementary-material"}).

Morphological studies
---------------------

Previous literature reported that amide fullerene derivatives induced large-scale phase separation and serious aggregations[@b19]. It was likely that the poor performance of PC~61~MBA was also related to the undesirable active layer morphology. Morphology of the active layers was investigated using tapping mode AFM. The height as well as phase images of **M1**:PC~61~BM, **M2**:PC~61~BM, **M1**:PC~61~MBA, and **M2**:PC~61~MBA blends (donor/acceptor ratio 1:2) at optimized conditions are shown in [Figure 7](#f7){ref-type="fig"}. From the phase images of the PC~61~BM based blend, interpenetrating networks can be observed indicating well-defined nanoscale phase separation and efficient percolation channels. Compared to the active layer of **M2**:PC~61~BM which gave low *J~sc~* and low FF, **M1**:PC~61~BM active layer also displayed smoother surface morphology (for **M1**:PC~61~BM blend, rms = 0.41 nm; for **M2**:PC~61~BM blend, rms = 0.46 nm) and smaller domain sizes (typical domain size for **M1**:PC~61~BM blend, 17--30 nm; **M1**:PC~61~BM blend, 28--50 nm). Larger phase domain sizes in the **M2**:PC~61~BM blend was likely a result of the intermolecular hydrogen bonding and strong aggregation of **M2**. This result was also consistent with previous reports in which smoother blend films and smaller domain sizes gave better performance in bulk heterojunction solar cells[@b23][@b32]. Large-scale phase separation and aggregation were observed when PC~61~MBA was used in the BHJ solar cells. Sectional analysis of [Figure 7c and 7d](#f7){ref-type="fig"} verified the aggregation with size up to hundreds of nanometers in width, and several tens of nanometers in height. The aggregation was attributed to the strong hydrogen bonding between PC~61~MBA itself as well as the hydrogen bonding between PC~61~MBA and the small molecule donor since the active layer were spin casted from homogenous solution[@b19]. The low performance of PC~61~MBA devices was a direct result of large scale phase separation which was unfavorable for exciton diffusion and charge separation.

Grazing incidence wide angle X-ray scattering (GIWAXS) studies
--------------------------------------------------------------

GIWAXS is a widely used technique to determine crystal packing and structural orientation of donor and acceptor blend films[@b33]. From the GIWAXS patterns presented in [Figure 8a](#f8){ref-type="fig"}, the crystalline nature of **M1** in the pristine film is evident which exhibited strong (100) Bragg reflection peak at q = 0.43 Å^−1^ and (200) Bragg reflection peak at q = 0.86 Å^−1^ corresponding to *d*-spacing values of 14.6 Å and 7.3 Å, respectively. The reflection at q = 1.80 Å^−1^ was attributed to the π − π stacking distance. In great contrast, the pristine film of **M2** displayed very weak reflection peak at q = 0.42 Å^−1^ indicating a lower degree of order. Similar (100) and (200) reflection peak was observed in the **M1**:PC~61~BM (1:2) blend film indicating the addition of PC~61~BM did not change the crystalline nature of **M1**. The broad diffraction ring centered at q = 1.35 Å^−1^ was arising from PC~61~BM[@b28]. For the **M2**:PC~61~BM (1:2) blend film, only the reflection of PC~61~BM (broad reflection centered at q = 1.35 Å^−1^) was observed suggesting that the amide group of **M2** has interaction with PC**~61~**BM and thus changed the packing mode of the small molecular donor ([Figure 8b](#f8){ref-type="fig"}). The **M2**:PC~61~BM blend films displayed different scattering patterns probably due to the aggregation of PC~61~BM and also the interaction of **M2** and PC~61~BM. Presumably the introduction of hydrogen bonding can decrease orientation order and lead to increased packing frustration relative to **M1**:PC~61~BM.

Conclusion
==========

Two small molecular donor materials, one end capped with ester group and the other end capped with amide group, were synthesized and fully characterized. The amide group of the donor material **M2** formed intermolecular hydrogen bonds which led to fibrous aggregates in solid state. Application of the two small molecular donor materials in BHJ solar cells revealed that the amide group containing donor material showed lower performance due to the hydrogen bonding induced aggregation and disadvantageous morphology. Replacement of PCBM with its amide analogue further increased aggregation and large scale phase separation was observed in the blend films. Well defined morphology[@b34][@b35][@b36], enhanced stability[@b22][@b35], improved performance[@b18][@b19][@b20][@b21][@b22][@b34][@b37][@b38][@b39] have been discussed in the literature for materials with hydrogen bonding moieties. In this work, the results clear showed that a cautious approach must be taken when using strong intermolecular forces such as hydrogen bonding in organic solar cell materials.

Methods
=======

Materials
---------

Small molecules **M1** and **M2** are synthesized following the procedure described in [SI (Scheme S1)](#s1){ref-type="supplementary-material"}. PC~61~MBA was synthesized following a modified literature procedure (Scheme S2). PC~61~BM and PC~71~BM were purchased from Nano-C, Inc.

BHJ solar cells fabrication
---------------------------

BHJ solar cells were processed on pre-patterned indium tin oxide (ITO) coated glass substrates with a sheet resistance of 15 Ω per square. First a thin layer (30 nm) of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS; Baytron AI 4083 from HC Starck) was spin-coated on a UV-Ozone cleaned ITO substrates, followed by baking on a hot plate at 140°C for 10 min. An active layer of the device was deposited by spin coating a chloroform solution containing 10 mg of donor and 20 mg of acceptor. The thickness of the active layer was 75 nm as determined by Veeco Dektak 150+ Surface Profiler. A thin layer of ZnO nanopaticle was deposited on the active layer by spin-coating (3000 rpm) to form a 25 nm thick ZnO layer. The films were then transferred to a metal evaporation chamber and aluminum (100 nm) were deposited through a shadow mask (active area was 0.1 cm^2^) at approximately 1 × 10^−6^ torr. Film thickness was determined by Veeco Dektak 150+ Surface Profiler. The current density-voltage measurements of the devices were carried out using a 1 kW Oriel solar simulator with an AM 1.5 G filter as the light source in conjunction with a Keithley 2400 source measurement unit. Solar measurements were carried out under 1000 W/m^2^ AM 1.5 G illumination conditions. For accurate measurement, the light intensity was calibrated using a reference silicon solar cell (PV measurements Inc.) certified by the National Renewable Energy Laboratory. Device fabrication and characterizations were performed in an ambient environment without any encapsulation.
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![Partial ^1^H NMR spectra of M2 in CDCl~3~ at different concentration.\
(From bottom to top: 1, 14 mM; 2, 10 mM; 3, 7 mM; 4, 5 mM; 5, 3.5 mM; 6, 1.8 mM, respectively).](srep05701-f3){#f3}

![AFM images of spin coated films from 10 mg mL^−1^ chloroform solution of M1 (a and c) and M2 (b and d).\
(a) and (b) are height images; (c) and (d) are phase images. Images are 2 × 2 μm.](srep05701-f4){#f4}

![UV-Vis absorption spectra of (a) M1 and M2, (b) PC~61~BM and PC~61~MBA in chloroform solution (solid line) and in solid films (dash line).](srep05701-f5){#f5}

![(a) Current density vs. voltage data and (b) external quantum efficiency (EQE) spectrum for devices containing compounds **M1** and **M2**.](srep05701-f6){#f6}

![AFM images of films spin coated from M1:PC~61~BM (a and e), M2:PC~61~BM (b and f), M1:PC~61~MBA (c and g), and M2:PC~61~MBA (d and h).\
(a), (b), (c) and (d) are height images; (e), (f), (g) and (h) are phase images. All images are 1 × 1 μm.](srep05701-f7){#f7}

![GIWAXS images of (a) pristine film of M1, (b) pristine film of M2, (c) M1:PC~61~BM blend film and (d) M2:PC~61~BM blend film.\
Performed at the Australian Synchrotron (Beam centre: 215.1, 968.2) at an incident angle of 0.10°.](srep05701-f8){#f8}

###### The optical properties and electronic energy levels of M1, M2, PC~61~BM and PC~61~MBA

  Small molecule    UV-vis λ~max~ (nm)[a](#t1-fn1){ref-type="fn"}   UV-vis λ~onset~ (nm)[a](#t1-fn1){ref-type="fn"}   PL λ~max~ (nm)[b](#t1-fn2){ref-type="fn"}   Optical gap (eV)[c](#t1-fn3){ref-type="fn"}   E~HOMO~ (eV)[d](#t1-fn4){ref-type="fn"}             E~LUMO~ (eV)
  ---------------- ----------------------------------------------- ------------------------------------------------- ------------------------------------------- --------------------------------------------- ----------------------------------------- ----------------------------------
  **M1**                              510 (640)                                        604 (693)                                      665 (726)                                      1.79                                        −5.09                    −3.30[e](#t1-fn5){ref-type="fn"}
  **M2**                              500 (560)                                        590 (675)                                      640 (710)                                      1.84                                        −5.01                    −3.17[e](#t1-fn5){ref-type="fn"}
  PC~61~BM                            328 (336)                                           ---                                            ---                                          ---                                        −5.76                    −3.84[d](#t1-fn4){ref-type="fn"}
  PC~61~MBA                           328 (335)                                           ---                                            ---                                          ---                                        −5.74                    −3.80[d](#t1-fn4){ref-type="fn"}

^a^UV-vis absorption data in chloroform solution and solid films in brackets.

^b^photoluminescence (PL) data in chloroform solution and solid films in brackets.

^c^calculated from thin film absorption onset.

^d^Measured using CV.

^e^calculated from HOMO and the optical gap.

###### Device performance parameters of BHJ solar cells based on M1, M2, PCBM and PC~61~MBA[a](#t2-fn1){ref-type="fn"}.

  Active layer              *V~oc~* (V)   *J~sc~* (mA cm^−2^)   FF (%)     PCE (%)
  ------------------------ ------------- --------------------- -------- -------------
  **M1**:PC~61~BM (1:2)     0.64 ± 0.1        2.55 ± 0.2        40 ± 4   0.65 ± 0.10
  **M1**:PC~71~BM (1:2)     0.64 ± 0.1        3.90 ± 0.2        47 ± 5   1.15 ± 0.15
  **M2**:PC~61~BM (1:2)     0.62 ± 0.2        1.00 ± 0.1        34 ± 2   0.20 ± 0.04
  **M2**:PC~61~BM (1:4)     0.62 ± 0.1        1.10 ± 0.1        40 ± 3   0.30 ± 0.03
  **M2**:PC~71~BM (1:4)     0.64 ± 0.1        1.30 ± 0.2        34 ± 2   0.40 ± 0.05
  **M1**:PC~61~MBA (1:2)       0.19              0.19             32        0.012
  **M2**:PC~61~MBA (1:2)       0.14              0.09             30        0.004

^a^All devices were fabricated in air. Average values of 10 devices are shown with standard deviation.
